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SEISMIC ANALYSIS AND FRAGILITY CURVES OF GRAVITY WATERFRONT
STRUCTURES
Kalliopi Kakderi (1), and Kyriazis Pitilakis (2)
(1) Civil Engineer, MSc, (2) Professor
Aristotle University of Thessaloniki, Department of Civil Engineering, Laboratory of Soil Mechanics, Foundations & Geotechnical
Earthquake Engineering, Research Unit of Geotechnical Earthquake Engineering and Soil Dynamics, P.O.B. 424, 54124,
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ABSTRACT
The aim of the study is to propose adequate fragility curves for waterfront/ retaining structures for ground shaking without the
presence of liquefaction, using available data from past earthquakes’ damages in Europe and worldwide and numerical analysis of
typical cases. Existing fragility curves and damage states are evaluated and their shortcomings and/or limitations are assessed. Typical
waterfront structures, with different geometry, foundation soil conditions and seismic excitations, are studied using appropriate
numerical modeling. The corresponding damage levels are estimated with respect to the induced residual displacements and the
seismic response of the soil-structure system. Considering aleatory uncertainties of the parameters involved, analytical fragility curves
are then constructed for the different types of waterfront structures and foundation conditions. The computed analytical fragility
curves are compared with the validated empirical ones, in order to propose fragility functions and corresponding damage levels for
gravity waterfront/ retaining structures based on European distinctive features.

INTRODUCTION
The combination of hazard, importance, vulnerability and
exposure of the port structures, leads to a possibly high
seismic risk. In fact, the consequences of earthquake-induced
damage are not only related to life safety and repair costs of
the structures, but especially to interruption of port
serviceability in the immediate aftermath of an earthquake.
Experience gained from recent seismic events (e.g. 1989
Loma Prieta in USA, 1995 Hyogoken-Nanbu and 2003
Tokachi-Oki in Japan) has dramatically demonstrated the
seismic vulnerability of waterfront structures and the severe
damages that can be caused by ground shaking, as well as the
potential economic losses due to earthquake damage.
Most failures of waterfront structures are associated with
outward sliding, deformation and tilting. Extensive seismic
damage is usually attributed to the occurrence of liquefaction
phenomena. Residual tilting reduces the static factor of safety
(FS) after the earthquake, while sliding is more a
serviceability rather than a safety problem. There are a large
number of references regarding seismic damage of port
structures, mostly after earthquakes in the USA and Japan. In
Europe similar observations are quite limited, while the
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majority of port structures in Europe are located to moderate
to high hazard zones based on the national seismic codes
(design PGA values) (Borg and Lai 2007).
The design factors of safety play among others a very
important role in the seismic behavior of gravity waterfront
structures. In current engineering practice the seismic design
of earth retaining structures is usually carried out using
empirical methods. According to the quasi totality of seismic
codes worldwide, gravity type quay walls are designed using
simplified, pseudo-static or simplified static, force-based
equilibrium approaches and pseudo-dynamic techniques
(Steedman and Zeng 1990). An alternative approach
developed recently is the use of displacement-based methods.
An estimate of earthquake-induced displacement may be
obtained by performing simplified dynamic analyses (sliding
block method; Newmark 1965, Richards and Elms 1979) or
alternatively advanced non-linear time-history analyses using
numerical finite difference or finite element simulations (full
dynamic analysis; Whitman 1990, Alampalli and Elgamel
1990, Pitilakis and Moutsakis 1989, Finn et al. 1992, Iai and
Kameoka 1993, Al-Homoud and Whitman 1999, Green and
Ebeling 2003, Psarropoulos et al. 2005). For static conditions,
the prediction of actual earth pressures and permanent
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displacements, which are necessary for the construction of
fragility curves, constitutes a complicated soil-structure
interaction problem. In the dynamic response the situation is
even more complicated. The dynamic response of the simplest
type of retaining wall is depending on the mass and stiffness
of the wall, the backfill and the underlying ground, as well as
the interaction among these components and the
characteristics of the seismic input.

In all cases, several physical (aleatory) and epistemic
uncertainties (empirical data, the assumptions of the analysis,
definition of the damage states, seismic input motion etc) are
involved. Statistical and model uncertainties normally are
considered as epistemic. To account for the various
uncertainties, a probabilistic approach for the seismic
vulnerability assessment of waterfront structures is usually
adopted.

The aim of the present study is to propose adequate fragility
curves for waterfront/ retaining gravity structures, only for
ground shaking, using available empirical data and numerical
analysis of typical cases.

The existing fragility curves have been validated with the
observed quay wall damages in small ports in Lefkas island
during the 2003 Lefkas Ms=6.4 earthquake (Kakderi et al.
2006). In the following we are proposing the construction of
analytical fragility curves, exclusively for ground shaking.

SEISMIC VULNERABILITY ASSESSMENT EVALUATION OF EXISTING FRAGILITY CURVES
Empirical fragility curves describing earthquake induced
damage in waterfront structures are proposed in HAZUS
(NIBS 2004). They describe log-normal cumulative
distributions which give the probability of reaching or
exceeding certain damage states for a given level of permanent
ground displacement (PGD). In this case, no distinction
between the different wall typologies and no specification of
the type and source of ground displacement (deformation due
to ground shaking or ground failure) are made.
Analytical methods have also been used for the vulnerability
assessment of quay walls (Roth and Dawson 2003, Roth et al.
2003). The standard “structural-engineering approach” for
retaining structures seismic design, relies on soil-structure
interaction models; alternatively, a full dynamic analysis can
be performed (Pathmanathan et al. 2007, Pasquali et al. 2008,
Li Destri Nicosia 2008, Green et al. 2008). This kind of
analysis provides a useful insight of the seismic behavior of
waterfront structures but cannot be easily applicable for a
straightforward vulnerability assessment of different wall
typologies and foundation conditions, under different levels of
seismic excitation. Ichii 2003 and 2004 proposed several
analytical fragility curves for the assessment of direct
earthquake-induced damage to gravity-type quay walls using
simplified dynamic finite element analysis, considering also
the occurrence of liquefaction phenomena. Different
vulnerability curves are given in the form of log-normal
probability distributions for different peak ground acceleration
levels.
The type and degree of seismic damages depend upon the
typology of the waterfront structures, the local site conditions,
the intensity of the seismic loading, the design factors of
safety and the occurrence of liquefaction. The damage states
on the other hand are defined based on the seismic response of
the waterfront structure itself, the level of induced and
allowable permanent displacements, the serviceability level
and the retrofitting cost as a percentage of the replacement
value.
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ANALYTICAL APPROACH - NUMERICAL MODELING
OF TYPICAL CASES
Several typical cases, have been studied with different
foundation soil conditions and seismic excitations using a 2D
finite element analysis (Plaxis 2007). As the foundation soils
exclude the occurrence of liquefaction, all permanent
displacements are due to ground shaking. Residual strength of
foundation soils has not been considered in this stage. The
proposed procedure has been validated using the case of the
slightly to moderately damaged quay walls in Lefkas, Greece
during the strong 2003 earthquake (PGA=0.45g).

Seismic analysis of a typical quay wall during the Lefkas
(2003) earthquake
Damages in waterfront structures have been recorded during
the Lefkas (14/8/2003, Ms=6.4) earthquake in Greece. The
newly constructed quay walls in the Marina suffered minor to
moderate damages with observed relative residual seaward
displacements of the order of 12 cm to 15cm. There is some
evidence that at least in one location a partial liquefaction of
the foundation subsoil occurred (Margaris et al. 2003). A back
analysis with an 1D elastoplastic model (Cyclic1D, Elgamal et
al. 2001), proved that the computed ground displacements due
to lateral spreading, were of the order of the observed
displacements; the observed damages should be attributed in a
certain degree to the seismic earth-pressures behind the quay
walls. The monolithic gravity structures of the Marina quay
walls were analyzed using 2D finite element analysis; the
deconvoluted time history of the main earthquake record
(PGA=0.45g) was used as input motion. Soil classification and
dynamic properties of soil materials were derived from the
available geotechnical information (Pitilakis et al. 2005).
Figure 1a presents the typical soil profile in the Marina
district; Fig. 1b illustrates the typical cross section of the
studied quay wall and Fig. 1c the deformed mesh with
seaward displacements very similar to the actual observations
identifying the primary failure mode.
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Fig. 2. Typical wall and soil configuration.
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Table 1. Soil properties.
Rubble
backfill
5-20Kg

Backfill embankment

Rubble mound
1-100Kg
Sandy clay

Fig. 1. (a) Soil profile in the Marina area, (b) Typical cross
section of the quay wall and (c) Deformed mesh for the Lefkas
quay wall analysis (displacements scaled up to 10 times).
The computed residual horizontal displacements at the top of
the wall are equal to 16 cm considering a quite low material
damping. Thus a good agreement is achieved assuming that
the final seismic response of the quay walls was a combined
result of partial liquefaction and increased lateral earth
pressures in the backfill.

Typical wall configurations and input data
In order to construct the analytical fragility curves, different
types of quay wall typologies and foundation conditions were
examined. A typical simplified profile is shown in Fig. 2.
Monolithic gravity structures having different heights (H=8m,
10m, 12m and 16m) and height to width ratios (W/H) equal to
0.7 and 0.9, are examined (in total 8 wall section
combinations). Plane strain conditions and appropriate
boundary conditions were used in all seismic analyses.
Four different ground soil types (soil B1-B4 in Fig. 2) have
been used corresponding to soil categories B (soil B2, B4) and
C (soil B1, B3) of EC8; their material, physical and dynamic
properties, along with the ones of the backfill (soil A) and the
rubble mound are provided in Table 1. Initial values of the soil
strength parameters are used, ignoring thus the potential
reduced resistance in large PGA values. The bedrock is set at
30m depth. Parametric 2D numerical analyses have been
performed in order to evaluate the expected 2D seismic
motion in free field conditions with respect to 1D equivalent
linear analysis in terms of frequency content and soil
amplification.

Paper No. 6.04a

Rubble Soil A
B1
mound (SG)
(SM)
γd (KΝ/m3)
18
20
18
γsat (KΝ/m3)
20
21
19.5
Vs (m/sec)
450
280
250
v Poisson
0.3
0.35 0.35
c
1
1
2
φ (ο)
40
38
30
permeability kx 1
0.05 0.05
permeability ky 1
0.05 0.05
Properties

Soil B
B2
B3
(SM-SG) (CL)
19
18.5
21
20
500
250
0.35
0.35
2
30
35
17
0.1
10-5
0.1
10-5

B4
(CL)
19.5
21.5
500
0.35
40
20
10-5
10-5

The soil is modeled with an elastoplastic Mohr-Coulomb
model. Part of the backfill is considered fully saturated. A
limited capability of relative movement between the wall, the
rubble mound and the backfill is assumed using appropriate
interface elements.
Five different earthquake records have been used as input
motion: (i) Kozani (T), Greece, Μw=6.6, 1995, (ii) Athens
(Kypseli-L), Greece, Μw=5.9, 1999, (iii) Montenegro-[TRA
(EW)], former Yugoslavia, Μw=6.9, 1979, (iv) Palm Springs
(wwt), USA, Μw=6.0, 1986, (v) Kocaeli (Gebze-NS), Turkey,
Μw=7.4, 1999. They all refer to rock soil conditions (soil
category A in EC8) and were scaled to five levels of peak
ground acceleration (PGA=0.1, 0.3, 0.5, 0.7 and 0.9g) in order
to estimate the seismic response of the soil-structure system
for different levels of induced seismic intensity. Since the
earthquake is modeled by imposing a prescribed displacement
at the mesh bottom boundary, the displacement time histories
have been used, after applying appropriate filtering and base
line correction. In total 800 analyses have been performed.
Zero and Rayleigh material damping has been used. The
respective damping parameters are estimated based on the
fundamental frequency of each earthquake record (ranging
from 1.5 to 3.5 Hz). This assumption results in a possible
over-damping of the system’s dynamic behavior leading to
reduced values of the estimated response parameters. This is
taken into consideration for the construction of the analytical
fragility curves.
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Wall-backfill –soil response
For soil profiles B1 and B3 (Vs=250m/s) the fundamental
period in free field conditions is equal to Tp=0.55s, while for
the soil conditions B2 and B4 (Vs=500m/s) the corresponding
value is Tp=0.34s.

Transfer function - quay wall

Fig. 4. Example of the deformed mesh for a typical case of
analysis (displacements scaled up to 50 times).
Horizontal displacement time
history at the top of the wall
0

Horizontal displ. (m)

The fundamental periods of the whole wall-backfill-soil
system are ranging form 0.12sec to 0.45sec depending on (i)
the soil conditions, (ii) the wall geometry and (iii) the
predominant frequency of the input motion. Higher values are
observed for the larger quay wall and for larger periods of
input pulses. Higher amplification is observed in the quay wall
compared to the backfill. Figure 3 illustrates an indicative
example of the computed transfer functions between (a) the
top and the bottom of the waterfront structure and (b) the
backfill in free field conditions for the case of the largest quay
wall (16m height and 14m width), soil type B2 (Vs=500m/s)
and for a Ricker pulse with Tp= 0.2 sec.

-0,1
-0,2
-0,3
-0,4
-0,5
-0,6

50

0

45

10

20

30

40

50

60

Time (sec)

40

Amplitude

35
30
25

Fig. 5. Horizontal displacement time history at the top of the
wall for a typical case of analysis.
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Assuming Kv=0, the critical acceleration of the wall structure
is Kc=0.12g. A Newmark rigid block analysis of the
acceleration time history at the bottom of the wall has been
also performed; using the estimated value of Kc, the computed
permanent displacement is 55.5-77.8cm, with an average
value of 66.6cm. These results are in very good agreement
with the analytical ones; the simplified Newmark’s method
appears to slightly over-estimate the computed displacement.

25
20
15
10
5
0
1

b)

10

Frequency (Hz)

100

Fig. 3. Transfer functions for the waterfront structure (a) and
the backfill in free field conditions (b).

Typical example of analysis
An example analysis of a 10m height and 7m width quay wall
analyzed for the 1999 Kocaeli earthquake scaled to PGA=0.5g
is presented. The peak ground horizontal accelerations at the
bottom and the top of the wall are estimated up to PGA=0.36g
and 0.26g respectively; the calculated PGA value in free field
conditions is equal to 0.44g. In Fig. 4 the deformed mesh is
illustrated while Fig. 5 gives the horizontal displacement time
history at the top of the wall (negative values indicate the
seaward movement of the quay wall). The computed residual
horizontal displacement ux is equal to 50.1cm.
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The maximum computed total and seismic earth pressures are
compared to Mononobe-Okabe ones in Fig. 6. The MononobeOkabe expression is based on the assumption that lateral stress
distribution is triangular, with the base of the triangle at the
base of the wall. The horizontal inertial coefficient (Kh) acting
away from the backfill (active-type conditions) is considered,
estimating the average value of the peaks in the acceleration
time histories behind the wall (Kh=0.31g). The computed
angle δ of the inclination of the effective earth pressures
behind the wall is of the order of 1/3 of the back fill’s friction
angle. Figure 7 illustrates the maximum computed shear
stresses beneath the quay wall and the comparison with the
shear strength of the foundation soil, for the total (= φ) and
active (=2/3 φ) values of the friction angle. It seems that there
is an average 35% exceedance of the shear strength of the
foundation soil producing the residual displacements of the
structure.
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is equal to 0.23g which is in good agreement with the results
from the 2D analysis (max=0.44g, effective=0.29g).
Maximum normal stresses - ground surface
200
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2D analysis
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Maximum shear stresses - ground surface
80

Fig. 6. Computed total and dynamic earth pressures behind
the gravity wall.
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Fig. 8 Computed normal (a) and shear (b) stresses beneath the
gravity wall (natural ground surface).
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Fig. 7. Shear stresses beneath the gravity wall and
comparison with the shear strength.
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The results of the analysis, in terms of ground motion
characteristics and calculated stresses, show the degree of
interaction between the wall structure and the surrounded soil.
Considerable increase and concentration of stresses (Fig. 8)
and strains (Fig. 9) is observed beneath the quay wall
(indicated with the red lines).
Finally, a series of 1D equivalent linear (EQL) analysis has
been also performed, in order to compare the estimated soil
stresses and/or strains with the ones computed with the 2D
analysis. Two simplified profiles have been used to simulate
the soil conditions in front and behind the quay wall. The
results, which are summarized in Table 2 are in good
comparison with the results obtained from the 2D analysis,
given the different methods and assumptions used. The
estimated PGA value at the free surface behind the quay wall

Paper No. 6.04a

0

10 20

30

40 50

60

70 80

90 100 110 120 130 140 150

L (m)

Fig. 9. Computed maximum shear strains beneath the gravity
wall.
Table 2. Comparison of computed soil stresses and strains
with 1D EQL analysis.
Ground surface behind quay wall
z=-10m
1D EQL analysis
2D analysis
(40m, soils A-B1)
Max shear stress (KPa)
≈ 40.0
≈ 46.0
Max shear strain (%)
0.08-1.8
1.79
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The seismic response of the soil-structure system is estimated
in terms of soil deformation and stresses. The maximum and
residual displacements of the waterfront structure are also
computed, as they determine its serviceability. Typical seismic
failure modes of gravity quay walls are observed, including
tilting with seaward displacement and settlement of the
backfill.
The computed residual horizontal seaward displacements at
the top of the quay walls, vary with the frequency content and
duration characteristics of the input motion, the waterfront
structure typologies and the type of the foundation soil. In
general, higher values of permanent displacements are
observed for lower frequencies, foundation soils with lower Vs
values and lower/lighter walls. Moreover for higher walls we
observe higher values of horizontal movements, as a result of
the tilting. The range of the computed residual seaward
movements is given in Table 3 for all waterfront structures’
typologies examined. Similar trends of the seismic response
are observed for quay walls with height≤10m
H and height
H>10m as well as for the foundation soil types B1, B3
(Vs=250m/s) and B2, B4 (Vs=500m/s). This fact is leading to
the selection of four different categories in the construction of
the analytical fragility curves.
Table 3. Residual seaward displacements at the top of the quay
walls.

PGA
0.1g
0.3g
0.5g
0.7g
0.9g

W/H = 0.7
min ux
max ux
(cm)
(cm)
1.1
13.3
10.1
39.7
14.7
68.7
18.5
93.8
22.0
115.1

W/H = 0.9
min ux
max ux
(cm)
(cm)
0.3
16.5
4.4
48.8
9.0
82.1
12.3
112.7
15.2
145.0

Figure 10 shows the variation of the computed residual
horizontal displacements from the 2D analysis (normalized to
the height of the structure H) for all typologies and foundation
soil conditions. In the same figure a comparison is made with
various experimental data of cantilever and gravity retaining
walls (Ting 1993, Andersen et al. 1987, Ortiz et al. 1983), as
well as observed damage data of gravity type quay walls from
earthquakes in Europe and Asia with and without the
occurrence of liquefaction phenomena as reported by the
International Navigation Association (PIANC 2001) (in USA
pile-supported piers are commonly used). The slightly to
moderately damaged quay walls during the Lefkas earthquake
in Greece (14/8/2003, Ms=6.4) have been also added. In
general, for cases where liquefaction of the backfill and/or the
foundation soil has been recorded, the values of the
normalized residual horizontal displacements are above (or
close to the upper limit) of the analytical results; with no
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occurrence of liquefaction phenomena the respective values
are between the range of the computed displacements.

Normalized horizontal residual displacements
30

2D analysis
Exp-no liqf
Exp-quasi liqf
Exp-liqf
Exp-dry
Obsv-no liqf
Obsv-liqf
Lefkas earthq

25

ux/H (%)

Results of parametric analysis and comparison with
experimental and observed data
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0
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0,9

1

PGA (g)

Fig.10. Computed residual horizontal seaward displacements
at the top of the quay walls and comparison with experimental
and observed data.

PROPOSED ANALYTICAL FRAGILITY CURVES
Fragility curves are computed by cumulative distribution
functions, giving the probability of reaching or exceeding
different levels of damage. They are represented as twoparameter (median and log-standard deviation) lognormal
distribution functions.
To define the damage states, a damage index (DI) is
introduced describing the ratio of the residual seaward
displacement at the top of the quay wall (ux) to the quay wall
height (H). We established a relationship between the damage
index (DI=ux/H) and the input motion intensity in terms of the
PGA value in outcrop conditions. Considering the numerous
uncertainties, the fragility curves are constructed using the
mean values plus one standard deviation of the damage index
DI=ux/H. According to the International Navigation
Association (PIANC 2001), four damage levels are defined
(Degree I-IV) based on the degree of the normalized residual
horizontal displacement (ux/H). The above thresholds for the
damage index are also adopted herein for the definition of the
four different damage states (minor, moderate, extensive and
complete damages) as shown in Table 4.
Table 4. Definition of damage states for gravity walls
(PIANC, 2001).
Level of damage
Minor damages
Moderate damages
Extensive damages
Complete damages

Normalized residual hor. displ. (ux/H)
Less than 1.5%
1.5~5%
5~10%
Larger than 10%
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Figure 11 illustrates the derived fragility curves. It is
mentioned that for the case of soil type B according to EC8
(soils B2, B4 in the present analyses) only minor and moderate
damages are defined for ground shaking, while for soil type C
according to EC8 (soils B1, B3), minor to extensive damages
are defined. The parameters of the proposed fragility curves
are given in Table 5. The wall typology and soil foundation
conditions determine in a great extent the vulnerability of the
structure; for example when moving from soil type B to C for
small quay walls (H≤10m) and for PGA=0.3g, the probability
of having or exceeding moderate damages is increased by
20%.

Fragility curves of gravity quay walls for ground shaking

Table 5. Parameters for the proposed fragility curves.

Minor
damages
H≤10m,
Vs=250m/s
H≤10m,
Vs=500m/s
H>10m,
Vs=250m/s
H>10m,
Vs=500m/s

Median PGA (g)
Moderate Extensive
damages
damages

β

0.11

0.37

0.81

0.54

0.07

0.34

-

0.58

0.14

0.44

0.96

0.49

0.10

0.4

-

0.57

1
0,9
0,8
0,7
0,6

Proposed minor

0,5

Proposed moderate

0,4

HAZUS-minor

0,3

HAZUS-moderate

0,2
0,1

1
[ Probability Ds > ds | PGA ]

level of intensity. The reason is that they are accounting for
the occurrence of liquefaction phenomena as well. Comparing
to HAZUS fragility curves, the differences are rather small,
but yet some diversity is observed according to the wall
typology and soil foundation conditions which are not
considered in HAZUS methodology. Figure 12 presents the
comparison of the proposed fragility curves with the ones
proposed in HAZUS for the case of wall height H>10m and
Vs=250 m/s.

[ Probability Ds > ds | PGA ]

The median values of peak ground acceleration corresponding
to each damage state are defined as the values that correspond
to the mean damage index, based on the mean line of the
damage index-PGA relationship. The standard deviation (β)
describes the total variability associated with each fragility
curve. Three primary sources contribute to the total variability
for any given damage state (NIBS 2004), namely the
variability associated with the discrete threshold of each
damage state, the capacity and strength of each structural type
and the earthquake ground motion. The uncertainty in the
definition of damage state is assumed to be equal to 0.4
(similar to HAZUS for buildings). No variability on the
structural capacity is taken into account, due to the assumption
of a rigid wall structure. Finally, the uncertainty associated
with the seismic demand, is also taken into consideration
evaluating the variability in the calculated PGA values at the
center of gravity of the waterfront structure (values ranging
between 0.49-0.58). The total uncertainty is estimated as the
root of the sum of the squares of the component dispersions.
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Fig. 11. Proposed fragility curves for gravity waterfront
structures due to ground shaking.
The computed fragility curves are compared with the ones
proposed by HAZUS and Ichii (2003). Since the empirical
curves proposed in HAZUS are in terms of permanent ground
displacements (PGD), the estimated damage index-PGA
relationship is used for the conversion to PGA and for a mean
wall height of 10m. In general, it is observed that the fragility
curves proposed by Ichii (2003) differ from the proposed ones
in this paper, having higher displacement values for the same
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Fig.12. Comparison of the proposed fragility curves with
HAZUS for the case of height H>10m and Vs=250 m/s.

The aim of the present research is twofold (a) to study the
seismic response of waterfront/ retaining structures and (b) to
propose adequate fragility curves exclusively for ground
shaking without liquefaction, using in one hand available data
from past earthquakes’ damages in Europe and worldwide,
and on the other hand, numerical parametric analyses of
typical cases. A set of analytical vulnerability functions is
presented for ordinary gravity quay walls/ retaining structures’
typologies commonly used in Europe, due to ground shaking.
We are considering the distinctive features of the wall
typology, the foundation soil type and the input ground motion
characteristics. The proposed fragility curves for ground
shaking are providing a more accurate estimation of the
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expected seismic performance of such structures for ordinary
strong seismic excitations and foundation conditions. This is
of major concern for coastal regions, exposed in high seismic
risk, in order to enhance the seismic reliability and safety of
port facilities.
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